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materials in large quantities -a turbine rotor forging or a turbine house casting may both weigh 50 tonnes, and steam pipes for a 1 GW power plant weigh several hundred tonnes.
Today's best martensitic 9-12% Cr steels can be used at ~ 600°C/300 bar. For these steels the most important strengthening mechanism is precipitation hardening [2] . The size and number density of precipitates at the initial stage, as well as their stability against coarsening during exposure to high temperatures, play a vital role in creep resistance. For conventional 9-12% Cr steels, the carbide M 23 C 6 (M = Fe, Cr, Mo), the nitride MN (M = V, Nb), and the intermetallic Laves phase Fe 2 M (M = Mo, W) are the major strengthening precipitate families [2, 3] .
The best 9-12% Cr steels contain 9% Cr, which is too low in terms of corrosion resistance at 650°C. It is well established that at high temperatures the corrosion resistance of a steel depends on its Cr content: the higher the Cr content, the better the corrosion resistance [4] . At 650°C, 9% Cr steels oxidized more than 3 times quicker than 12% Cr steels [5] . Therefore, there have been recent trials aiming at improving corrosion properties by increasing the Cr content (11-12% vs. 9%). Although the alloys showed better creep resistance at 650°C up to ~10,000 hours, they then suffered a dramatic loss of creep strength [6] .
This breakdown is mainly due to the precipitation of the complex nitride known as Z-phase ((Cr,Fe)(Nb,V)N) during creep. Z-phase is thermodynamically more stable than metal nitrides (MN) at 600-650°C [7] . However, the nucleation of Z-phase is difficult. Once formed, a small number of nuclei grow very rapidly by consuming many small MN precipitates and finally form few and large particles that give very little contribution to creep strength [7, 8] . A Cr content above 10.5% strongly accelerates Z-phase formation. In contrast, steels with 9% Cr or below are largely unaffected by the Z-phase precipitation up to 100,000 hours at 600-650°C [9] .
Danielsen and Hald proposed a new alloy design concept that makes use of Z-phase as strengthening dispersion instead of MN for 12% Cr martensitic steels [9] . Good corrosion resistance is guaranteed by the high Cr content (12% vs. 9%), which is also a necessary prerequisite for a rapid Z-phase formation [10] . Good creep resistance would be expected, if densely distributed fine Z-phase precipitates can be formed during heat treatment and if they coarsen slowly during service. In this study we prepared a trial Z-phase strengthened steel, and performed long-term creep testing and detailed microstructure analyses. We show that Zphase strengthening is feasible in 12% Cr steels.
A low-carbon (50 wt. ppm) CrTaN-strengthened trial steel was prepared. The carbon content was carefully controlled in order to isolate the strengthening effect of Z-phase, without interference from carbides. Its chemical composition is presented in Table 1 . The trial steel was produced in 80 kg ingots by vacuum induction melting. The ingots were hot rolled into 20 mm thick plates, austenitized at 1150°C for 1 hour, and then cooled in air to the room temperature. Materials with two heat treatment conditions, either tempered at 650°C for 24 hours or at 720°C for 6 hours, then underwent creep testing at 650°C under a constant load, using specimens of 8 mm in gauge diameter and 50 mm in gauge length. As quenched material that had been aged at 650°C for 24, 1005, and 10,000 hours were used for microstructural investigation. Z-phase precipitates were studied by using atom probe tomography (APT) and transmission electron microscopy (TEM). Needle-shaped specimens for APT characterization were prepared using a two-step electropolishing procedure [11] . The final radius of the specimen tip was less than 50 nm. APT analysis was performed in an Imago LEAP 3000X HR local electrode atom probe instrument. During analysis the specimen was held at a temperature range of 55-60 K. To avoid premature specimen failure pulsed laser mode was used, with a laser energy of 0.3 nJ [12] . A pulse frequency of 200 kHz was used.
The acquired data were further analysed by using the IVAS 3.4.1 software developed by Imago. TEM specimens were prepared by using an electropolishing method in 10% perchloric acid in methanol at -30°C. A Titan 80-300 TEM (300 kV) equipped with an energy dispersive X-ray spectrometry (EDX) system was used to analyse nano-sized Z-phase precipitates. The high angle annular dark field (HAADF) detector was used for imaging, since it yields good contrast between the steel matrix and precipitates, which contain heavy elements such as Ta and W. The creep rupture strength of the trial steel is better than P91 and close to P92, despite its much higher Cr content.
Good creep resistance is only achieved if densely distributed fine precipitates, in this case Zphase, are quickly introduced into the steel. The finely dispersed precipitates can effectively retard dislocation migration in the ferrite matrix at high temperatures, thus leading to slower deformation or creep. Recent extensive work enables optimization of the alloy design of the new Z-phase strengthened steels. Z-phase precipitates are formed by direct Cr diffusion into the already existing MN precipitates [13] , and the rate for their formation varies significantly, depending on the chemical composition of the steel and heat treatment. Thermodynamic modelling has shown that the Cr content in the steel is the main factor that controls the driving force for Z-phase formation [14] . When the Cr concentration increases from 9% to 12% the Z-phase formation rate can increase more than one order of magnitude [10, 15] .
Furthermore, the addition of Co is also, to certain extent, beneficial to enhance the phase transformation rate from MX to Z-phase [14] . In 9-12% Cr steels three major types of Zphase precipitates can be formed based on their chemical composition: CrVN [16] , CrNbN [7] and CrTaN. The formation rate of CrVN is slow compared to that of CrNbN [17] . Although the crystal structure of Ta-containing Z-phase has been studied [18] , to the authors' best knowledge, the formation rate of CrTaN in 9-12% Cr steels has not been reported previously.
In contrast to in 9% Cr steels, where the Z-phase form fastest at 600°C, in 12% Cr steels Zphase precipitates form most rapidly at approximately 650°C [9, 10] . In fact, this is the target application temperature for this new generation of martensitic steels.
The trial steel exhibited a typical martensitic structure with precipitates and elongated laths (Figure 2 ). In the steel mainly two families of precipitates were formed, Z-phase and Laves phase (Fe 2 W). A good indication of the precipitation reaction is provided by the accurate matrix composition obtained by APT. The precipitation of virtually the full volume fraction of Z-phase was rapid. Ta and N, together with B and C, were almost completely consumed out of the matrix after 24 hours at 650°C, although the formed Z-phase are too small to be visible in the TEM high angle annular dark field (HAADF) micrograph (Figure 2 (a) ). Then Z-phase precipitates coarsened slowly with time. After 10,000 hours fine (mostly < 100 nm) Z-phase precipitates were still densely distributed in the steel (Figure 2 (b) ). On the other hand, the precipitation of Laves phase was a prolonged process, which is indicated by the fact that the W concentration in the matrix decreased continuously from 24 hours to 10,000 hours.
The measured concentration of W was 0.63 at.% after 24 hours, 0.24 at.% after 1005 hours and 0.20 at.% after 10,000 hours. Laves phase precipitates were larger than Z-phase, and the first Laves phase precipitates were readily observed in the TEM after aging for 24 hours at 650°C (Figure 2 (a) ), much larger (~ 500 nm) but fewer Laves phase were observed after 10,000 hours at 650°C (Figure 2 (b) ). The large Laves phase precipitates are considered to be too big to contribute to creep resistance. However, W can contribute to solid solution strengthening, and small Laves phase formed in the early stages of creep can also contribute to precipitation strengthening.
Very dense and fine Z-phase precipitates were formed in the trial steel after aging for 24 hours. Figure 3 (a) shows a TaN-molecular ion map from an APT reconstruction, which illustrate typical Z-phase precipitates in the steel. Due to the differences in local magnification between the precipitates and the steel matrix, the chemical compositions of the precipitates is mixed by the steel matrix. However, since very little Fe exist in the precipitates, we can remove Fe and proportionally other matrix elements, such as Cr, Co and W. The obtained compositions, which would approximately reflect the actual chemical composition of the precipitates, were very close to the typical composition of Z-phase. Thus, the MX precipitates formed during tempering appeared to be already transformed into Z-phase after aging for 24 hours. The precipitates are 10-20 nanometres in size and in the form of thin blades. They were found in all the analysed APT specimens. However, their distribution was not homogeneous, which is normal for precipitates in 9-12% Cr steels. The number density of Z-phase was calculated to be 9.6 × 10 22 m -3 based on results obtained from seven APT specimens. This figure is four orders of magnitude higher than that in a commercial 9% Cr steel and higher than special thermomechanical treated 9% Cr steels previously reported [19] . One reason for the high number density is that the precipitates are blade-shaped rather than spherical, which for a given volume fraction and diameter gives a much higher density. To ensure a long-term resistance against mechanical deformation, the dimension of the precipitates in the material should ideally be stable, or at least evolve slowly, i.e. the precipitate should coarsen slowly. The coarsening rate is described by the following equation [20] : [100]CrTaN//[100]Fe with the matrix, and has a lattice parameter of only a=0.3004 nm [23] that actually gives a smaller misfit in the (001) plane than TaN/Fe, 4.8% vs 7.0%. Although the chemical part of the interfacial energy might be somewhat larger for the Z-phase, the total semi-coherent interfacial energy should be similar to that of TaN. Summing the effects of interfacial energies, solubilities and diffusion rates in the matrix the coarsening rate for the Zphase should be of the same order as for VN in conventional steels. This is in accordance with the creep data obtained so far (Figure 1 ).
The experimental results of precipitate microstructure show that the overall effect of the above aspects is actually a slow Z-phase coarsening rate. After 1005 hours of aging, the Zphase precipitates had coarsened to some extent, compared to after the 24-hour aging. The precipitates became thick disks in shape. Their typical size was 10-25 nm. In Figure 3 (b)
TaN-molecular ion reconstruction map highlights the Z-phase precipitates. The number density of the precipitates was ~ 2 × 10 22 m 3 , based on the APT results. Electron diffraction studies (e.g. Figure 3 (c)) on Z-phase precipitates formed after 1005 hours aging showed that these precipitates have a more ordered tetragonal Z-phase crystal structure [16] . After prolonged exposure for 10,000 hours, these Ta-containing precipitates became clearly visible in the TEM/HAADF micrograph ( Figure 3(d) ). Many of them were still below 100 nm, retaining the blade-like morphology, and mainly located along the lath boundaries. They are beneficial for retarding the deformation.
The chemical composition of Z-phase is shown in Table 2 
